Sarcopenia and physical inactivity synergistically progress in patients with chronic kidney disease (CKD) and are strong predictors of mortality in this population. Exercise training and essential amino acids and vitamin D supplements may contribute to improving sarcopenia and physical inactivity in CKD patients.
Context
Sarcopenia is characterized by the loss of skeletal muscle, which is defined by decreased muscle mass and strength (1) . Sarcopenia often is observed in patients with chronic kidney disease (CKD) (2) . The prevalence of sarcopenia increases in line with the progression of the stages of CKD (2) .
Various pathological conditions are associated with CKD, including accumulation of uremic toxins, chronic inflammation, insulin resistance, hormonal imbalance, malnutrition, vitamin D deficiency, inadequate oxygen transport as a consequence of anemia, metabolic acidosis, electrolyte disorder, and a protein-restricted diet. These pathological conditions all can contribute to the progression of sarcopenia and increased physical inactivity in CKD patients (2) (3) (4) (5) (6) (7) .
Sarcopenia induces physical inactivity through the loss of skeletal muscle, which in turn induces the loss of physical functions, and increased physical inactivity accelerates the progression of sarcopenia (8) (9) (10) (Figure 1 ). Consequently, sarcopenia and physical inactivity synergistically progress. Recent clinical studies show that both sarcopenia and physical inactivity have an association with increased mortality in CKD patients. Prevention and mitigation of the progression of sarcopenia and physical inactivity are important to improve the prognosis of CKD patients.
This review examines those clinical studies that have investigated the associations between sarcopenia, physical inactivity, and mortality and looks at strategies to prevent and improve sarcopenia and physical inactivity in CKD pa- 
Evidence Acquisition
We systematically searched for clinical studies published in the English language in the MEDLINE (from 2000 to 2015). For this search, we used the following terms in various combinations: physical activity, exercise, muscle, sarcopenia, chronic kidney disease, dialysis, mortality, prognosis, and survival. We included cohort studies and randomized control trials that investigated the associations between sarcopenia, physical activity, and mortality in patients with chronic kidney disease.
Results
Computer and manual searches resulted in 1690 publications, of which 46 eligible articles were identified (Figure 1) . Twenty-four articles were excluded because they did not meet the outcome assessment. Subsequently, five of these articles were excluded because two assessed muscle volume by midarm muscle circumference, which is not included in the definition of sarcopenia, and three articles included specific populations, such as patients with obesity, diabetes mellitus, and a low-protein diet. Thus, 17 articles were included in reference to the association between sarcopenia and physical inactivity, and mortality in CKD patients in this review. Furthermore, we discuss the therapeutic strategies to improve sarcopenia and physical inactivity in CKD patients.
Association Between Sarcopenia and Mortality in CKD Patients
Studies that have reported an association between sarcopenia and mortality in CKD patients at the pre-dialysis stage and those patients on hemodialysis are summarized in Table 1 .
CKD Patients at the Pre-Dialysis Stage
The prevalence of sarcopenia was reported to increase in line with the progression of the CKD stages (2) (2) . Several studies have reported that sarcopenia, as evaluated by loss of muscle mass and decreased gait speed and hand grip strength, increased mortality risk in CKD patients at the pre-dialysis stage (11) (12) (13) . Renal outcome also was found to be associated negatively with sarcopenia in this population (11) . These findings suggest that sarcopenia should be evaluated carefully and that prevention and mitigation of the progression of sarcopenia and physical inactivity are important to improve the prognosis of CKD patients.
Hemodialysis Patients
The prevalence of sarcopenia in hemodialysis patients is higher than in CKD patients at the pre-dialysis stage. In elderly hemodialysis patients, the prevalence of sarcopenia increases up to 45% -63% (20) .
In addition to those factors observed in CKD patients at the pre-dialysis stage, loss of amino acids and albumin into the dialysate, systemic inflammation induced by contact with artificial substances, such as the dialysis membrane and circuits, and decreased physical activity due to bed rest during dialysis also contribute to the progression of sarcopenia in hemodialysis patients (2-6).
We previously reported that sarcopenia progressed in accordance with duration on hemodialysis even after adjustment for age and sex (21) . Sarcopenia is a strong predictor of mortality in hemodialysis patients as well as in CKD patients at the pre-dialysis stage (14) (15) (16) (17) (18) (19) .
Several studies have reported an association between sarcopenia and mortality in hemodialysis patients (14) (15) (16) (17) (18) (19) . Sarcopenia, as estimated by low muscle mass, slow gait speed, and low hand grip strength, was found to increase mortality risk in hemodialysis patients (14) (15) (16) (17) (18) (19) . Muscle quality, calculated using hand grip strength divided by arm lean mass, also was reported to be an independent predictor of survival in hemodialysis patients (22) .
These findings suggest that sarcopenia is an important condition that determines the prognosis of hemodialysis patients.
Association Between Physical Inactivity and Mortality in CKD Patients
Studies that have investigated the association between physical inactivity and mortality in CKD patients at the predialysis stage and those patients on hemodialysis are summarized in Table 2 .
CKD Patients at the Pre-Dialysis Stage
CKD patients at the pre-dialysis stage often undertake less physical activity than the healthy population. A crosssectional observational survey of 15,368 adults reported that physical inactivity rates, as determined by a questionnaire, were 28.0% for CKD patients and 13.5% for the non-CKD population (23) . Another study reported that decreased renal function, estimated by eGFR, correlated with physical inactivity in CKD patients at the pre-dialysis stage (31) .
Physical inactivity is a predictor of mortality in CKD patients at the pre-dialysis stage. Several studies have reported an association between physical inactivity and increased mortality risk in this population (23) (24) (25) . Another study reported that walking habits were associated with mortality in patients in CKD stages 3 -5 (26) . In that study, increased walking was found to decrease overall mortality (26) . A dose-dependent negative association was found between walking frequency (1 -2, 3 -4, 5 -6 and ≥ 7 times per week) and hazard ratio of mortality (0.83, 0.72, 0.42, and 0.41) (26) . That study also reported that increased walking inhibited decreased renal function and risk for induction of renal replacement therapy (26) . These findings suggest that increased physical activity may have beneficial effects on the prognosis of CKD patients at the pre-dialysis stage. CKD patients at the predialysis stage should be encouraged to exercise to reduce mortality risk and reduce progression to end-stage renal diseases.
Hemodialysis Patients
A questionnaire survey examining the exercise habits of 20,920 hemodialysis patients found that 53.6% of these patients did not exercise at all or did so less than once per week (27) . This sedentary behavior was observed more often in elder patients than in younger patients and more often in female patients than in male patients.
Several studies have reported that physical inactivity increases mortality risk in hemodialysis patients (27) (28) (29) (30) .
Exercise, such as walking, was found to decrease mortality risk in hemodialysis patients (27) . A dose-dependent negative association was found between walking frequency (1, 2 -3, 4 -5, and 6 -7 times per week) and hazard ratio of mortality (0.82, 0.73, 0.72, and 0.69) (27) .
These findings suggest that increased physical activity may have beneficial effects on the prognosis of hemodialysis patients.
Therapeutic Strategies to Improve Sarcopenia and Physical Inactivity

Exercise Training
Numerous studies have reported that both aerobic and resistance exercise training improve sarcopenia (muscle mass and strength) and physical inactivity in CKD patients at the pre-dialysis stage and in hemodialysis patients (32) (33) (34) (35) (36) (37) (38) (39) (40) (Table 3) . Exercise training increases muscle mass and strength and improves physical functions. A recent metaanalysis reported that any type of regular exercise training is effective in improving exercise capacity, physical functions, and muscle mass and strength in all CKD patients (41) . The American College of Sports Medicine guidelines recommend that CKD patients at the pre-dialysis stage and hemodialysis patients perform aerobic exercise training at mild-moderate levels for 20 -60 minute/day, 3 -5 days/week. The guidelines also recommend resistance exercise training for these patients, at 70% -75% of one repetition maximum for a minimum one set of 10 -15 repetitions, 2 -3 days/week (42) . kidney disease: improving global outcomes 2012's clinical practice guidelines recommend regular exercise for at least 30 minutes, five times per week to prevent muscle loss and maintain physical activity in CKD patients (43) . Cochrane collaboration guidelines also recommend that 30 minutes of exercise training three days/week can improve physical fitness, resulting in an improved health-related quality of life in hemodialysis patients (44).
Essential Amino Acid Supplement
Essential amino acids are necessary for protein synthesis and maintenance and repair of muscle tissue. Inadequate amino acid intake often can be observed in CKD patients because of their protein-restricted diet (45) . In addition, 6 -8 g of amino acids can be lost into the dialysate during each hemodialysis session (46) .
A prospective observational study reported that dietary protein intake of less than 1.2 g/kg/day is an independent predictor of mortality in hemodialysis patients (47) . The international society of renal nutrition and metabolism's consensus statement recommends oral nutritional supplements, including essential amino acids, be taken by CKD patients at the pre-dialysis stage with a dietary protein intake of less than 0.7 g/kg/day and by hemodialysis patients with a dietary protein intake of less than 1.2 g/kg/day (48) . Oral administration of 3.6 g of essential amino acids three times per day with meals was reported to improve hand grip strength significantly in Improved grip strength (P = 0.03) and 6-minutes' walk distance (P < 0.001).
Abbreviations: CI, confidence interval; CKD, chronic kidney disease; HR, hazard ratio; RCT randomized control study.
hemodialysis patients with hypoalbuminemia, compared with a placebo group (49).
These findings suggest that essential amino acid supplementation may be considered for CKD patients with an inadequate dietary protein intake and with hypoalbuminemia to prevent sarcopenia, resulting in an improved prognosis.
Vitamin D Supplement
The vitamin D receptor is expressed in muscle tissue, and its activation promotes de novo protein synthesis in muscle (50) .
The serum 25-hydroxy vitamin D (25-OHD) level was reported to be associated positively with muscle strength of the lower extremities, estimated using a micro manual muscle tester, in hemodialysis patients (51 (52) . These findings suggest that 25-OHD supplementation is important to prevent sarcopenia and physical inactivity in CKD patients and that it may be considered for CKD patients who have a vitamin D deficiency.
Conclusions
Various pathological conditions associated with CKD can contribute to the progression of sarcopenia and increased physical inactivity in CKD patients (Figure 2 ). Sarcopenia and physical inactivity are associated strongly with an increased mortality risk in CKD patients. Therapeutic strategies, including exercise training and essential amino acid and vitamin D supplementation, may improve sarcopenia and physical inactivity. This may result in an improved prognosis for CKD patients. 
